Fatigue
Introduction
Tendon is a hierarchical fibre-composite material, in which collagen molecules aggregate to form sub-units of increasing diameter, the largest of which is the fascicle. At the larger hierarchical levels, the collagenous subunits are interspersed with a non-fibrous matrix (for a detailed review of tendon structure, please refer to Thorpe et al. (2013a) and references therein). Tendons can be separated into two groups according to their function, positional or energy storing. Positional tendons transfer force from muscle to bone to facilitate locomotion, whereas energy storing tendons have an additional function, stretching and recoiling to store and release energy, increasing the efficiency of locomotion (Alexander, 1991; Biewener, 1998) . While it is well established that energy storing tendons have specific mechanical properties for optimal energy storage, the functional specialisations that result in these distinct properties are not well understood.
Previous work has shown that energy storing tendons experience much higher strains in vivo than their positional counterparts. For example, strains of up to 11% and 16% have been recorded in the human Achilles (Lichtwark and Wilson, 2005) and equine superficial digital flexor tendons (SDFT) (Stephens et al., 1989) respectively. In contrast, maximum strains in the human anterior tibialis tendon and equine Common digital extensor tendon (CDET), both of which are purely positional in function, range from 2 to 3% (Maganaris and Paul, 1999; Birch et al., 2008) . Correspondingly, in vitro testing to failure has demonstrated that energy storing tendons have a consistently higher failure strain than positional tendons (Batson et al., 2003; Thorpe et al., 2012) . In addition, our previous work has shown that fascicles from the energy storing SDFT have a specialised helical structure to enable more efficient recovery from loading than their counterparts in the CDET, as befits their energy storing function (Thorpe et al., 2013b) .
However, we have also shown that, despite the energy storing SDFT failing at higher strains than the positional CDET, fascicles from the SDFT actually have a lower failure strain than their counterparts from CDET (Thorpe et al., 2012) . Taken together, these data suggest that, while the fascicles in the SDFT are specialised to maximise energy storage and return, mechanisms other than greater fascicle extensions facilitate the high strain characteristics of energy storing tendons.
Fascicles are bound together by the interfascicular matrix (IFM, also referred to as the endotenon), and we previously hypothesised that energy storing tendons have a specialised IFM which allows sliding between adjacent fascicles, resulting in the greater capacity for tendon extension. To investigate this, we developed a shear model, which allows the mechanical properties of the IFM to be determined (Thorpe et al., 2012) . The results of this study showed that, while there were no differences in failure properties between the IFM in the SDFT and CDET, there were significant differences in the shape of the force extension curve between tendon types, such that at low forces (up to 60% failure force) there was greater extension in the SDFT IFM than in the CDET IFM (Thorpe et al., 2012) . This greater extensibility in the SDFT IFM allows greater sliding between fascicles, thus enabling the large extensions that occur in this tendon during exercise. However, it has not been established if this sliding behaviour is elastic and reversible, which would be required for the energy storing function of the SDFT.
We have also previously assessed the effect of increasing age on the properties of the IFM, demonstrating that the low stiffness behaviour of the SDFT IFM is lost with ageing (Thorpe et al., 2013c) . This is important, as the risk of injury to energy storing tendons increases with ageing (Kasashima et al., 2004; Perkins et al., 2005; Knobloch et al., 2008; Hess, 2010) , and the stiffening of the SDFT IFM may contribute to this, as fascicles are being loaded at an earlier point during tendon extension, increasing the risk of fascicle damage and subsequent tendon injury.
In addition to allowing sliding between fascicles, effective energy storing behaviour requires the IFM to behave elastically and recover from loading. While the recovery capacity of fascicles and tendons has been studied previously, showing more elastic behaviour in energy storing tendons (Wang et al., 1995; Vereecke and Channon, 2013; Thorpe et al., 2014b) , no previous work has attempted to establish if the IFM is able to recover from loading. The aim of this study was therefore to assess the recovery capacity and failure properties of fascicles and IFM in the SDFT and CDET from young and old horses. We have used the accepted equine model as it is well established that the equine SDFT and human Achilles are analogous in terms of function and age-related injury risk (Innes and Clegg, 2010; Lui et al., 2010) . It was hypothesised that the IFM has the ability to recover after cyclic loading, and that elasticity is greater in the energy storing SDFT than in the positional CDET. Further, we hypothesised that the ability of the IFM to recover decreases with ageing and the stiffness of the IFM increases, specifically in the SDFT.
Materials and methods
Forelimbs distal to the carpus were collected from horses aged 3 to 7 years (young: n ¼5) and those aged 17 to 20 years (old: n ¼5) euthanized at a commercial equine abattoir. The SDFT and CDET were dissected free at the level of the metacarpophalangeal joint and wrapped in tissue paper dampened in phosphate buffered saline (PBS) and then in tin foil and frozen at À 80 1C. Previous work has established that one freeze-thaw cycle does not affect tendon viscoelastic or failure properties (Huang et al., 2011) . On the day of testing, tendons were allowed to thaw at room temperature and samples for fascicle and IFM testing were dissected as described in Sections 2.1 and 2.2. Sample hydration was maintained during dissection and testing by storing the samples on tissue paper dampened with PBS. All testing was performed at room temperature.
Determination of fascicle mechanical properties
Fascicles were isolated from the SDFT and CDET as previously described (Thorpe et al., 2014c) . Approximately 10 fascicles, 40 mm in length, were dissected from each tendon. Following our previously validated methods, the diameter of each fascicle was measured in a single plane along a 10 mm section in the middle of the fascicle, and the smallest diameter recorded and used to calculate cross sectional area (CSA), assuming a circular shape (Thorpe et al., 2012 ). An electrodynamic testing machine (Instron ElectroPuls 1000) equipped with a 250 N load cell was used to determine fascicle mechanical properties. Fascicles were gripped using pneumatic grips (gripping pressure of 4 bar) with a layer of rubber (0.3 mm thick) and sandpaper (0.1 mm thick) over each grip surface. The distance between the grips was set to 20 mm. Fascicles were preloaded to 0.1 N, which represents a load of approximately 2% of fascicle failure load, to remove any slack in the sample. After the pre-load, the value of grip to grip distance was recorded as the gauge length. Fascicles were then preconditioned with 10 loading cycles between 0 and 3% strain (approx. 25% of failure strain) using a sine wave at frequency of 1 Hz. Immediately after preconditioning, fascicles were pulled to failure at a strain rate of 5% per second. Force and extension data were continuously recorded at 100 Hz during preconditioning and the failure test. For each test, the location of sample failure was also recorded, and any samples that did not break in the middle were excluded from the analysis.
From preconditioning data, the percentage hysteresis and percentage stress relaxation were calculated between the first and last preconditioning cycles. To calculate sample failure properties from the quasi-static test to failure, the displacement at which the initial pre-load was reached, prior to preconditioning, was taken as the start point for the test to failure in all specimens, and engineering stress and strain were calculated using the CSA and effective gauge length for each sample. A continuous modulus was calculated across every 10 data points of each stress strain curve, from which the maximum modulus value was determined.
Determination of IFM mechanical properties
Approximately 12 groups of two intact fascicles (bound by interfascicular matrix), were dissected from each tendon as described previously (Thorpe et al., 2012) . The fascicles were secured into a custom-made dissection rig, which was placed under a stereomicroscope fitted with an analyser and rotatable polarising lens (Leica). This generates elliptically polarised light, which enables clear visualisation of the individual collagen fascicles (Fig. 1a ). The opposing end of each fascicle was cut transversely, leaving a consistent 10 mm length of intact IFM ( Fig. 1b and c) . After removal from the dissection rig, the intact end of each fascicle was secured in an electrodynamic testing machine (Instron ElectroPuls 1000) using pneumatic grips, with a grip to grip distance of 20 mm. A preload of 0.02 N was applied (equivalent to approximately 1% of failure load) and the distance between the grips, after pre-load, was recorded as the effective gauge length. The samples were then preconditioned with 10 loading cycles between 0 and 0.5 mm of extension (approx. 25% of failure extension) using a sine wave at frequency of 1 Hz. The samples were then pulled apart to failure at a speed of 1 mm/s. Force and extension data were continuously recorded at 100 Hz during preconditioning. For each test, the location of sample failure was also recorded, and any fascicles that broke, rather than pulling apart were excluded from further analysis.
The per cent hysteresis and stress relaxation that occurred during preconditioning was calculated for each sample as described in Section 2.1. The displacement at which the initial pre-load was reached was taken as the start point for the test to failure and the extension was measured as grip-togrip displacement. A force-extension curve was derived for each sample, from which the amount of IFM extension was calculated at different percentages of IFM failure load as described previously ( Fig. 1d ) (Thorpe et al., 2012) . The stiffness was calculated across every 10 data points of each force extension curve. The point at which the maximum stiffness was reached was taken as the yield point, and force and extension at the yield point were established.
Direct determination of the effect of preconditioning on IFM properties
To directly determine the effect of preconditioning on the properties of the IFM, and allow comparison of the current data with our previous study in which IFM samples were not preconditioned, the SDFT and CDET were harvested from an additional 2 horses (aged 4 and 5 years), enabling a paired analysis of IFM response before and after preconditioning. Samples (n¼ 20) were dissected from each tendon, half of which were preconditioned and tested to failure (as described in Section 2.2) while the remaining samples were immediately tested to failure (as described in our previous methodology (Thorpe et al., 2012) ). The amount of IFM Fig. 1 -Images illustrating dissection for mechanical testing of the IFM. Two fascicles, bound by IFM, were dissected from the SDFT and CDET (a). The opposing end of each fascicle was cut transversely, leaving a 10 mm length of intact IFM connecting the fascicles (b and c). The fascicles were then pulled apart to failure, and the amount of extension at different percentages of failure force was calculated (d). Adapted with kind permission from eCM journal (Thorpe et al., 2013c ).
Statistical analysis
Statistical differences between tendon types or age groups were determined using Analysis of Variance (Minitab 17). A general linear model was fitted to the data, with tendon type, age group and horse number included as factors. Data were tested for normality using the Anderson-Darling test. Data that did not follow a normal distribution were transformed using a Box-Cox transformation. Data are displayed as mean7SD.
Results

Fascicle material properties
Fascicle material properties are shown in Table 1 . Considering viscoelastic properties of the fascicles determined during preconditioning, total hysteresis was significantly greater in CDET fascicles than in those from the SDFT (po0.0001) and did not alter with ageing. The percentage stress relaxation did not differ significantly between SDFT and CDET fascicles from young horses, but increased significantly with ageing in the CDET (po0.0001), resulting in significantly greater stress relaxation in CDET fascicles than in SDFT fascicles from old horses (po0.0001, Table 1 ). In agreement with our previous studies of fascicle failure properties (Thorpe et al., 2012) , there was no significant difference in failure stress or modulus between fascicles from the young SDFT and CDET, with values in the current study similar to those reported previously (Thorpe et al., 2013c) . Further supporting previous findings, failure strain was significantly higher in fascicles from the CDET than those from the SDFT (po0.0001). Ageing resulted in a significant increase in failure stress and modulus in SDFT fascicles (p r0.043), and a decrease in modulus in fascicles from the CDET (p ¼0.032, Table 1 ).
IFM mechanical properties
Typical preconditioning response and force extension curves for the SDFT and CDET IFM are shown in Fig. 2 , and IFM mechanical properties are shown in Table 2 .
Assessment of viscoelastic properties during preconditioning cycles demonstrated greater hysteresis in the IFM of the CDET than the SDFT in samples from both young and old horses (p r0.001, Fig. 3a ). Hysteresis did not alter with ageing in either tendon type. The percentage of stress relaxation was significantly greater in CDET than SDFT IFM samples, in both young and old horses (pr 0.009. Fig. 3b ). Stress relaxation also increased with ageing in both tendon types (po0.03, Fig. 3b ).
Concerning the quasi-static test to failure that followed preconditioning, there were no significant differences in IFM failure load or failure extension between tendon types in young horses. However, failure extension increased significantly with ageing in CDET samples (po0.0001), leading to a significantly greater failure extension in CDET samples than in SDFT samples in aged horses (p¼ 0.005, Table 2 ).
While there were no significant differences in IFM maximum stiffness or failure properties between samples from the SDFT and CDET from young horses, the shape of the force extension curve differed significantly between tendon types ( Fig. 2c and Fig. 4a ). At and below 40% of failure force, there was significantly greater extension within the SDFT IFM than the CDET IFM (Fig. 4a ). This resulted in the amount of extension at the yield point, defined as the point at which the maximum stiffness was reached, being significantly greater in the SDFT (po0.001, Table 2 ). Further, the amount of force at the yield point was significantly greater.
With ageing, the shape of the IFM force-extension curve changed significantly in both tendon types ( Fig. 2d and Fig. 4c  and d ). In the SDFT, while there were no changes in the failure properties of the IFM with ageing, maximum stiffness increased, and the amount of extension at the yield point decreased (po0.001, Table 2 ). This resulted in significantly less extension at the interface through the early stages of the curve, up to 70% of failure load (pr 0.04. Fig. 4c ) in aged SDFT samples. In the CDET, ageing resulted in a significant increase in failure extension (p ¼0.005) and a corresponding increase in IFM extension at all percentages of failure load (p r0.01). However, there were no alterations in maximum stiffness or yield point with ageing in the CDET.
Effect of preconditioning on IFM mechanical properties
Direct comparison of the failure properties of preconditioned and non-preconditioned IFM samples demonstrated that preconditioning did not have a significant effect on the failure load of samples from either tendon type. Failure extension was not affected by preconditioning in SDFT samples, but there was a trend towards increased failure extension in samples from the CDET that had been preconditioned (p¼ 0.051).
There was a consistent trend towards decreased extension at all percentages of failure load in preconditioned samples from the SDFT, (Fig. 5a ) but this was not significant. In the CDET, preconditioning resulted in a significant increase in extension at 70 and 80% of failure load (po0.048, Fig. 5b ).
Discussion
In this study, we demonstrate for the first time that the low stiffness mechanical behaviour seen in tendon IFM during loading is not simply due to irreversible deformation. Instead, our data show that the IFM is able to resist and recover from cyclic loading. Furthermore, in support of our hypothesis, the ability of the IFM to recover was greater in the energy storing SDFT (lower stress relaxation) than in the positional CDET indicating more elastic behaviour in the SDFT IFM. However, we also demonstrated increased stress relaxation in the IFM with ageing in both tendon types, and alterations in the shape of the force extension curve with increasing age in the SDFT specifically, indicating that the IFM becomes less elastic with ageing, and is also less able to perform its mechanical function in the aged SDFT. It is well established that extension at the lower levels of the tendon hierarchy occurs due to sliding between adjacent fibres and fibrils, rather than due to fibril or fibre extension (Cheng and Screen, 2007; Thorpe et al., 2013b; Szczesny and Elliott, 2014) . Further, more recent work has shown that this response differs between tendon types, with greater levels of inter-fibre sliding measured in the positional CDET than in the energy storing SDFT (Thorpe et al., 2013b) . However, with the exception of our previous work (Thorpe et al., 2012) , very few studies have assessed if this sliding behaviour occurs at the fascicular level. It has been reported that there is little force transmission between fascicles from the human Achilles tendon (Haraldsson et al., 2008) or within the bovine Achilles and digital flexor tendons (Purslow, 2009 ). However, these experiments were carried out at very low forces and therefore support our hypothesis that small forces are sufficient to facilitate inter-fascicle sliding, particularly in energy storing tendons. The current study and our previous results (Thorpe et al., 2012 (Thorpe et al., , 2013c , all demonstrate greater capacity for interfascicular sliding at low forces in the energy storing SDFT than in the positional CDET. Further, in the current study we have shown that greater forces and extensions are required to plastically deform the IFM in the SDFT, building further evidence that the IFM is specialised in energy storing tendons to allow fascicle sliding, providing an important extension mechanism in energy storing tendons, and enabling the large extensions required by this tendon type.
The current study adopted 10 preconditioning cycles to investigate fascicle and IFM response to cyclic loading, followed by a quasi-static test to failure, providing data to compare with our original study of fascicle and IFM quasistatic properties with no preconditioning. Many previous studies have investigated how tendons and fascicles respond to cyclic loading, although none have investigated the IFM. These previous studies have shown that energy storing tendons and their constituent fascicles are more fatigue resistant than positional tendons (Ker et al., 2000; Thorpe et al., 2015) . Hysteresis has also previously been shown to be greater in positional tendons and their constituent fascicles than in energy storing tendons (Thorpe et al., 2013b; Vereecke and Channon, 2013) , a finding supported by our current study results. However, previous studies have also shown greater stress relaxation in fascicles from positional tendons Shepherd et al., 2013) . Whilst perhaps surprising that the current study did not show this response, it is important to recall that only 10 cycles of preconditioning have been characterised in this work. This is far fewer than monitored in a typical cyclic stress relaxation test, and only tracks the initial stages of the stress relaxation response, which may provide insufficient time for significant differences to become apparent. Indeed, 1800 cycles of loading were required before a significant difference in the stress relaxation response of bovine flexor and extensor tendon fascicles was seen (Shepherd et al., 2013) .
While tendon and fascicle viscoelastic responses to loading have been well characterised, to the author's knowledge this is the first study to assess the viscoelastic response of the IFM. Comparing fascicles and IFM from each tendon type, hysteresis was larger in the IFM than fascicles in both tendon types (8% greater in the SDFT and 10-13% greater in the CDET). Stress relaxation was 2-5% higher in the IFM than fascicles in the SDFT but 6-10% higher in the CDET. When comparing IFM mechanics between the CDET and SDFT directly, both hysteresis and stress relaxation were significantly higher in the CDET than the SDFT IFM, all indicating a more elastic IFM in the SDFT with a greater ability to recover from cyclic loading.
The quasi-static tests to failure can be usefully considered in light of our previous work (Thorpe et al., 2012) , facilitating an analysis of how preconditioning influences IFM mechanics. However, to support this analysis further, we have also directly compared IFM response before and after preconditioning. The current quasi-static failure tests of the SDFT and CDET IFM still showed greater extensibility at low forces in the SDFT than CDET, even after preconditioning. However, in the current study, the difference post preconditioning was only significant up to 40% failure force, compared to 60% of failure force in samples tested without the preconditioning step as reported previously (Thorpe et al., 2013c) . Preconditioning protocols are used to provide a consistent loading history in a sample prior to testing, and it is thought that the viscoelastic response of fascicles during cyclic testing occurs as a result of both water movement through the tissue and structural reorganisation through the tissue hierarchy, fully aligning the tissue in direction of loading (Screen et al., 2011) . The structural changes occurring during pre-conditioning of the IFM remain unclear, but it is interesting to note that after preconditioning, the low stiffness behaviour in the SDFT IFM is still evident, providing further support that IFM extension does not result in immediate damage, but the IFM is more elastic in energy storing tendons.
Having previously shown changes to the quasi-static properties of the IFM with ageing (Thorpe et al., 2013c) , in the current study, we also investigated how ageing affects the viscoelastic behaviour of fascicles and the IFM, and if the IFM in aged samples was less able to tolerate load after preconditioning.
Regarding age-related changes in fascicle properties, the viscoelastic properties of SDFT fascicles were not altered with ageing, but stress relaxation increased with ageing in CDET fascicles. We have previously considered only viscoelastic behaviour in SDFT fascicles, showing an increase in hysteresis with ageing in the SDFT (Thorpe et al., 2013b) . However, in our previous study, fascicles were exposed to strains higher than those used in the current study, and held at these strains for 1 min before returning, so the results of this and the current study are not directly comparable. The results of the current study suggest that fascicles are equally well able to recover from low levels of cyclic loading, regardless of age.
Fascicle quasi-static tests to failure showed that failure stress and elastic modulus increased with age in SDFT fascicles, whereas elastic modulus decreased with ageing in the CDET. Whilst the CDET data agrees with previous findings (Thorpe et al., 2013c) , we previously demonstrated no alterations in fascicle failure properties in the SDFT with increasing age. It is possible that the increases in SDFT fascicle failure stress and modulus are due to the age-related formation of advanced glycation end-product crosslinks, which have been shown to accumulate with age in the SDFT (Thorpe et al., 2010) , and can result in increased tissue stiffness (Reddy, 2004) . It has also recently been demonstrated that protein profile alters with ageing in tendon fascicles (Peffers et al., 2014) , which could additionally affect mechanical properties.
While some age-related alterations in fascicle mechanical properties were identified, the majority of ageing changes occurred within the IFM, with alterations in both viscoelastic and quasi-static properties. The amount of stress relaxation in the IFM increased with ageing in both the SDFT and CDET, indicating that the ability of the IFM to recover from applied load decreases with age. Further, whilst the quasi-static failure properties of the IFM were unaltered with ageing in the SDFT, the failure extension of the IFM increased with age in the CDET. This increase in CDET IFM extension with ageing is likely due to a degree of sample elongation associated with preconditioning; stress relaxation was greatest in the old CDET, and almost double that measured in the SDFT IFM, suggesting that the greatest amount of structural realignment occurred in these samples (Screen et al., 2011) .
There were also significant alterations in IFM stiffness and the shape of the IFM force extension curves with increasing age. In the SDFT, there was an increase in IFM maximum stiffness, and a decrease in the extension at which this stiffness was reached, in old compared to young samples. There was a corresponding decrease in the amount of extension at the fascicular interface below 70% of failure load with ageing in the SDFT. This supports our previous findings in samples without preconditioning (Thorpe et al., 2013c ) that the SDFT IFM becomes stiffer with ageing, such that there is less capacity for interfascicular sliding.
However, the CDET showed greater extension at the interface with increasing age. This does not match our previous findings, but is likely a direct result of the preconditioning cycles and the increased overall extensibility of the aged CDET IFM. If the extension at the interface is calculated as a percentage of the failure extension (as opposed to as an absolute value) for both the young and old CDET IFM samples, no significant differences are evident with ageing in CDET IFM samples (data not shown).
There are several limitations of this study that should be considered. The unbalanced shear model used to test the IFM may result in interface rotation and tension perpendicular to the loading axis, potentially generating errors. However, it is not possible to use a balanced test design without causing considerable damage to the samples during dissection. Further, a short length of IFM was tested in isolation, this is likely to be very different to the loading conditions the IFM experiences in situ. However, it is evident from the results that, even at this short length, the IFM is able to withstand cyclic loading. It is therefore likely that, in vivo, the IFM has an even greater ability to recover from loading. An additional factor that will affect fascicle and IFM viscoelastic properties is the strain rate used during the test procedure. Samples were tested at a rate of 5%/s, which is much lower than the in vivo strain rates; it has previously been estimated that the SDFT experiences strain rates of up to 200%/s during high speed exercise (Stephens et al., 1989) . Future work should investigate the effect of different strain rates on tendon and IFM viscoelastic properties.
While it is evident that the mechanical properties of the IFM differ between functionally distinct tendons, the structural specialisations that result in these differences are yet to be determined. Indeed, very little is known about the general composition of the IFM, although a small number of studies have shown that this matrix contains collagen type III, proteoglycans, elastic fibres and lubricin (Ritty et al., 2003; Funakoshi et al., 2008; Smith et al., 2011; Sodersten et al., 2012; Grant et al., 2013) . Further, a recent study has demonstrated that the turnover of this matrix is greater than the turnover of the fascicular matrix (Thorpe et al., 2014a) , indicating that the IFM may be more prone to damage and therefore require a greater rate of repair than the fascicles. More work is required to characterise the IFM in tendons with different functions, in order to determine which proteins enable the sliding and recovery behaviour of this matrix, and how alterations to the composition and organisation of the IFM with ageing contribute to the alterations in IFM mechanical properties that we have observed.
Conclusions
There is now increasing evidence to explain how energy storing tendons are specialised to meet the mechanical demands placed upon them. Previous studies suggest that the greater energy storing capacity is provided by a helical structure at the fascicle level, allowing the fascicle to act as springs (Thorpe et al., 2013b) . However, this does not provide the additional extensibility required by this tendon type. The data presented in the current, and previous studies (Thorpe et al., 2012 (Thorpe et al., , 2013c ) strongly indicate that the high strain capacity of energy storing tendons is provided by interfascicular sliding, whereby the mechanical properties of the IFM allows the tendon to stretch and store energy when loaded in vivo. Indeed, this is the first study to show that, when tested in isolation, the IFM exhibits reversible extension behaviour, and has the ability to recover from a number of loading cycles, maintaining its mechanical properties. Further, the IFM in the energy storing SDFT has a greater ability to recover from loading than its counterpart in the positional CDET. The data in this study also indicate that the IFM is less able to resist repetitive loading as it ages, becoming stiffer with increasing age in the SDFT. Full understanding of fascicle and IFM specialisation in energy storing tendons and the age-related changes that result in loss of function is important for the development of effective preventative measures and treatments for age-related tendon injury.
